Abstract. Glioma is the most common and aggressive human brain tumour and accounts for ~35-61% of intracranial tumours. Despite considerable advances in treatments for glioma, the prognosis for patients with this disease remains unsatisfactory. MicroRNAs (miRNAs of miRs) are small regulatory RNA molecules that have been identified as being involved in the initiation and progression of human cancers, and represent novel therapeutic targets for anticancer treatments. The dysregulation of miR-188 has been reported in various kinds of human cancer. However, its expression pattern, biological roles and potential mechanism in glioma remain unknown. Expression levels of miR-188 in glioma tissues and cell lines were detected through reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Cell Counting Kit-8 assays and migration and invasion assays were used to explore the effects of miR-188 on the proliferation, migration and invasion of glioma cells, respectively. Bioinformatics analysis and luciferase reporter assays were performed to examine insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) as a target gene of miR-188. RT-qPCR and Spearman's correlation analysis were then performed to measure IGF2BP2 mRNA expression in clinical glioma tissues and its correlation with miR-188 expression. The regulatory effect of miR-188 on IGF2BP2 expression was also investigated through RT-qPCR and western blotting analysis. Finally, the biological roles of IGF2BP2 in glioma cells were assessed. miR-188 levels were significantly reduced in glioma tissues and cell lines compared with adjacent normal tissues and normal human astrocytes, respectively. In addition, miR-188 overexpression suppressed cell proliferation, migration and invasion of glioma. The present study identified IGF2BP2 as a direct target of miR-188 in glioma, and IGF2BP2 under-expression served tumour-suppressive roles in glioma growth and metastasis.
Introduction
Glioma is the most common and aggressive type of human brain tumour, accounting for ~35-61% of intracranial tumours (1) . Gliomas can be divided into subtypes according to the type of cell with which they share histological features, for example astrocytomas share features with astrocytes, then further subdivided by appearance/behaviour: The subtypes of astrocytoma are pilocytic astrocytomas, diffuse astrocytomas, anaplastic astrocytomas and glioblastoma multiforme (2) . Among these subtypes, glioblastoma multiforme is the most severe and malignant form (3) . The pathogenesis of gliomas currently remains elusive, but is strongly associated with factors including tumour origin, genetic factors, biochemical environment, ionising radiation, nitrous compounds, air pollution, bad living habits and infection (4) . Despite considerable advancements in glioma treatments, including surgery, adjuvant chemotherapy and radiotherapy, the prognosis for patients with glioma remains unsatisfactory, with a 5-year survival rate of only 9.8% (5) . The median survival time of patients with gliomas is ~12 months (6) . Evidence indicates that gliomas exhibit progressive overgrowth and diffused invasion, and these characteristics contribute to the poor prognosis of gliomas (7) . The underlying molecular mechanisms involved in the occurrence and development of glioma remains unclear (8) . Thus, investigation of the possible mechanisms underlying glioma progression and development of novel therapeutic treatments for patients with this disease are necessary.
Differential expression of specific microRNAs (miRNAs or miRs) in gliomas compared with normal tissues has previously been reported (9) (10) (11) . miRNAs are single-stranded, highly conserved non-coding RNA molecules (19) (20) (21) (22) (23) (24) (25) nucleotides in length) that regulate the expression of >60% of human genes (12) . They regulate gene expression at the transcriptional and post-transcriptional levels by targeting the 3'-untranslated regions (3'-UTRs) of their target genes and mediate mRNA cleavage or translation inhibition (13) . Due to their repressive action, miRNAs are important in several carcinogenic processes, including cell cycle and proliferation (14) , apoptosis (15), gene methylation (16), myeloid differentiation (17), haematopoietic stem cell maintenance (18) and progenitor self-renewal (19) . Thus, abnormally expressed miRNAs may serve as a signal of tumourigenesis and tumour development in human malignancies (20) . In addition, some reports have indicated both tumour-suppressive and oncogenic roles of miRNAs in human cancers such as glioma (21) (22) (23) . For example, miR-133b expression has been demonstrated to be reduced in glioma tissues compared with normal brain tissues, leading to increased proliferation and invasion of tumour cells through the resulting overexpression of its target, sirtuin 1 (SIRT1) (24) . Conversely, miR-130b is highly expressed in glioma tissues compared with normal brain tissues and acts as an oncogene through negative regulation of peroxisome proliferator-activated receptor-γ (25) . miRNAs have, therefore, been established as targets for anticancer treatments.
miR-188 has been recognised as a tumour-suppressive miRNA that is downregulated in various types of cancer (26) (27) (28) . However, miR-188 has not previously been recognised as such in gliomas. The present study aimed to investigate the expression pattern, biological roles and potential mechanism by which miR-188 dysregulation is correlated with glioma. miR-188 was found to be significantly downregulated in glioma tissues and cell lines compared with normal tissues and cell lines, and restoration of miR-188 expression suppressed glioma cell proliferation, migration and invasion. In addition, insulin like-growth factor 2 mRNA-binding protein 2 (IGF2BP2) was validated as a direct target of miR-188 in glioma.
Materials and methods
Clinical specimens. Glioma samples and adjacent normal tissues were collected from 19 patients at the Department of Neurosurgery, Linyi People's Hospital (Linyi, China) between June 2013 and December 2015. All patients with glioma were newly diagnosed and were not undergoing adjuvant chemotherapy and radiotherapy. All fresh tissues were immediately frozen in liquid nitrogen and stored at -80˚C. The present study was approved by the hospital's Protection of Human Subjects Committee, and informed consent was obtained from all patients.
Cell culture and transfection. Human glioma cell lines (U87, U251, U118, LN229 and LN18) and HEK293T cell line were all obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). Primary normal human astrocytes (NHA) were purchased from ScienCell Research Laboratories (Carlsbad, CA, USA). All cell lines were propagated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin G and 100 µg/ml streptomycin (all from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C in a humidified air atmosphere of 5% CO 2 .
Mature miR-188 mimics, miRNA mimics negative control (miR-NC), siRNA targeting IGF2BP2 (si-IGF2BP2) and negative control (si-NC) were obtained from GenePharma (Shanghai, China). The miR-188 mimics sequence was: 5'-CAU CCC UUG CAU GGU GGA GGG-3'; the miR-NC sequence was: 5'-UUC UCC GAA CGU GUC ACG UTT-3'; the si-IGF2BP2 sequence was: 5'-GCU GGA GCU UCA AUU AAG ATT-3'; and the si-NC sequence was: 5'-UUC UCC GAA CGU GUC ACG UTT-3'. For functional analysis, cells were transfected with miR-188 mimics, miR-NC, si-IGF2BP2 or si-NC using Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) in accordance with the manufacturer's instructions.
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from tissues and cell lines using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. Total RNA concentration was determined using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Inc., Wilmington, DE, USA). To detect the expression of miR-188 and IGF2BP2 mRNA, the extracted RNA was quantified and then cDNA was synthesised using a Moloney Murine Leukemia Virus Reverse Transcription system (Promega Corporation, Madison, WI, USA). qPCR was performed in an Applied Biosystems 7500 Real-time PCR system (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and a SYBR Premix Ex Taq™ kit (Takara Biotechnology Co., Ltd., Dalian, China) was used according to the manufacturer's instructions. U6 and GADPH were employed as internal controls for the miR-188 and IGF2BP2 mRNA expression, respectively. Each sample was analysed in triplicate. The data were calculated through relative quantification (2 -ΔΔCq ) (29) .
Cell Counting Kit-8 (CCK-8) assay. The proliferation of glioma cells was examined using the CCK-8 (Dojindo Molecular
Technologies, Inc., Kumamoto, Japan) assay according to the manufacturer's instructions. The cells were seeded in 96-well culture plates at a density of 4x10 3 cells per well 24 h after transfection. After 24, 48, 72 or 96 h treatment, 10 µl of CCK-8 solution was added to each well and the cells were incubated at 37˚C for a further 2 h. The absorbance at 450 nm was obtained using an ELISA reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). All the experiments were performed in triplicate.
Migration and invasion assays. For the migration assay, 5x10 4 transfected cells were prepared in FBS-free DMEM medium. Cells were then seeded in the upper chamber of a transwell chamber insert (Corning Inc., Corning, NY, USA). For the invasion assay, the transwell chamber insert was precoated with Matrigel (BD Biosciences, San Jose, CA, USA). The transfected cells in the FBS-free DMEM medium were placed in the upper chamber. Approximately 500 µl DMEM with 20% FBS was added in the lower chamber of Transwell chamber insert. Following incubation at 37˚C in a humidified air atmosphere of 5% CO 2 , nonmigrated and noninvaded cells were removed thoroughly by using cotton-tipped swabs. The migrated and invaded cells in the lower surface of the membrane were fixed in 4% paraformaldehyde and then stained with 0.5% crystal violet before they were air dried. A total of 5 randomly selected fields were then examined under a light microscope at a magnification of 200x.
Western blot analysis. Cells were lysed with cold radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) containing protease and phosphatase inhibitors. The protein was extracted by centrifugation at 12,000 x g for 20 min at 4˚C, and quantified with a bicinchoninic acid quantification kit (Beyotime Institute of Biotechnology). Equal amounts of the proteins (30 µg) were then separated by 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis and then transferred to polyvinylidene difluoride membranes (PVDF; EMD Millipore, Billerica, MA, USA). The membranes were blocked with 5% non-fat dry milk in Tris-buffered saline containing 0.05% Tween-20 (TBST) for 1 h at room temperature. The membranes were then incubated with mouse anti-human monoclonal IGF2BP2 antibody (cat. no. sc-377014, 1:1,000 dilution; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and mouse anti-human monoclonal GADPH antibody (cat. no. sc-137179, 1:1,000 dilution; Santa Cruz Biotechnology, Inc.) at 4˚C overnight. Following 3 washes in TBST, the membranes were incubated for 1 h with goat anti-mouse immunoglobulin G conjugated to horseradish peroxidase (sc-2005, 1:5,000; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. The protein bands were visualised using an enhanced chemiluminescence kit (Pierce; Thermo Fisher Scientific, Inc.) and then analysed using Quantity One software version 4.62 (Bio-Rad Laboratories, Inc.).
Bioinformatic analysis. Bioinformatic analysis was performed to predict the putative targets of miR-185 using TargetScan (Release 6.0, November 2011; http://www.targetscan.org/) (30) .
Luciferase reporter assay. Luciferase reporter assays were used to determine whether IGF2BP2 is a direct target of miR-188. The reporter plasmids containing the wild-type (WT) 3'UTR (pGL3-IGF2BP2-WT-3'UTR) and mutant (MUT) 3'UTR (pGL3-IGF2BP2-MUT-3'UTR) were synthesised by Shanghai GenePharma Co., Ltd., (Shanghai, China). For the luciferase reporter assay, the HEK293T cells were co-transfected with pGL3-IGF2BP2-WT-3'UTR or pGL3-IGF2BP2-MUT-3'UTR and the miR-188 mimic or miR-NC using Lipofectamine 2000 according to the manufacturer's instructions. After 48 h of transfection, the firefly and Renilla luciferase activities were determined by using a Dual Luciferase Assay kit (Promega Corporation) according to the manufacturer's instructions. Each assay was performed in triplicate and then replicated thrice.
Statistical analysis. Data are presented as the mean ± standard deviation or as box plots using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). Statistical analyses of the differences between groups were performed by with Student's t-test (for two groups) or one-way analysis of variance (for multiple comparisons) using SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). SNK analysis was used as a post hoc test following analysis of variance. Correlation analysis between miR-188 and IGF2BP2 mRNA expression was analyzed by the Spearman's correlation analysis with SPSS software version 17.0 (SPSS, Inc.). P<0.05 was considered to indicate a statistically significant difference.
Results
miR-188 is downregulated in glioma. miR-188 expression was detected in 19 pairs of glioma tissues and adjacent normal tissues. In this study, miR-188 expression was significantly downregulated in the glioma tissues compared with expression in the adjacent normal tissues (P<0.05; Fig. 1A) . Expression of miR-188 was also observed to be significantly reduced in all 5 glioma cell lines examined, compared with NHA (P<0.05; Fig. 1B) .
miR-188 reduces cell proliferation in glioma cell lines. The effects of exogenous miR-188 on glioma were then investigated in the 2 cell lines with the lowest endogenous miR-188 levels in Fig. 1B, U87 and U251 cells. Cells transfected with miR-188 mimics were demonstrated to exhibit significantly higher levels of miR-188 than cells transfected with miR-NC (P<0.05; Fig. 2A ). CCK-8 assays were then conducted to evaluate the effect of miR-188 on glioma cell proliferation. As demonstrated in Fig. 2B , cell proliferation was significantly reduced in cells transfected with miR-188 mimics compared with cells transfected with miR-NC (P<0.05; Fig. 2B ). These results indicated that miR-188 may be a negative regulator of glioma cell proliferation.
miR-188 decreases cell migration and invasion in glioma.
Migration and invasion assays were used to assess the effects of miR-188 overexpression on glioma cell metastasis. As demonstrated in the migration assay, overexpression of miR-188 resulted in a significant decrease in the number of migrated U87 and U251 cells compared with miR-NC (P<0.05; Fig. 3A) . The invasion assay also revealed significantly reduced invasive 
IGF2BP2 is a direct target gene of miR-188.
To identify the target of miR-188, bioinformatics prediction was adopted to analyse its potential target genes. This bioinformatics analysis revealed 224 highly conserved sites and 91 poorly conserved sites. Among these putative targets, cyclin D3 (CCND3) and CCNA2 have previously been identified as direct targets of miR-188 in nasopharyngeal carcinoma (31) , as has SIX homeobox 1 (SIX1) in oral squamous cell carcinoma (32) and fibroblast growth factor 5 (FGF5) in hepatocellular carcinoma (28) . In the present study, IGF2BP2 was selected for further analysis since it has previously been reported to be upregulated in glioma tissues (33) and is involved in the formation and progression of glioma (33) . Luciferase reporter assays were performed using plasmids carrying the WT and MUT sequences demonstrated in Fig. 4A . The data indicated that overexpression of miR-188 significantly inhibited the luciferase activity in cells harbouring the construct containing the WT IGF2BP2 3'UTR, but not that containing the MUT IGF2BP2 3'UTR (Fig. 4B) . IGF2BP2 mRNA levels in the clinical samples were then analysed, revealing that significantly higher expression of IGF2BP2 mRNA was observed in glioma tissues than in the adjacent normal tissues (P<0.05; Fig. 4C ). The correlation between miR-188 expression and IGF2BP2 mRNA was then analysed through Spearman's correlation analysis. The results revealed a negative correlation between the miR-188 and IGF2BP2 mRNA levels in glioma tissues (R=-0.6482, P=0.0027; Fig. 4D ).
RT-qPCR and western blot analyses were then performed to examine whether mRNA and protein expression levels of IGF2BP2, respectively, were downregulated with increased expression of miR-188. As revealed in Fig. 4E and F, respectively, IGF2BP2 mRNA and protein expression levels were decreased in U87 and U251 cells following transfection with miR-188 mimics, compared with miR-NC. Overall, these results indicated that IGF2BP2 is a direct target gene of miR-188.
Downregulation of IGF2BP2 inhibits cell proliferation, migration and invasion in glioma.
To clarify the important roles of miR-188 in the inhibition of cell growth and metastasis in glioma via the negative regulation of IGF2BP2, the biological roles of IGF2BP2 were investigated in U87 and U251 cells. As presented in Fig. 5A, IGF2BP2 protein expression was reduced in cells following transfection with si-IGF2BP2, compared with expression in cells transfected with si-NC. CCK-8 assays were then performed, demonstrating that cell proliferation was significantly reduced in cells transfected with si-IGF2BP2 compared with cells transfected with si-NC (Fig. 5B) . Furthermore, migration and invasion assays demonstrated that reduced expression of IGF2BP2 resulted in reduced migration and invasion, with significantly fewer migrated and invaded cells in cells transfected with si-IGF2BP2 compared with cells transfected with si-NC (Fig. 5C and D, respectively) . These results suggested that IGF2BP2 serves important tumour-suppressive roles in glioma growth and metastasis similar to the roles of miR-188 in glioma. Thus, IGF2BP2 is indicated to be a direct downstream target of miR-188 in glioma. Discussion miRNAs are small regulatory RNA molecules which have been identified as serving roles in the initiation and progression of human cancers and may represent novel therapeutic targets for anticancer treatments (34) . In the present study, low miR-188 expression was observed in glioma tissues and cell lines, providing, to the best of our knowledge, the first evidence that under-expression of miR-188 is associated with the carcinogenesis and progression of glioma. The effects of miR-188 on the proliferation, migration and invasion of glioma cells were then explored. The results indicated that miR-188 overexpression suppressed cell proliferation, migration and invasion of glioma. In addition, the present study identified IGF2BP2 as a direct target of miR-188 in glioma. IGF2BP2 under-expression was demonstrated to serve a tumour-suppressive role in glioma growth and metastasis, similar to the effects of miR-188 overexpression in glioma. These results suggested that miR-188 may contribute to glioma occurrence and development and warrants further examination in the context of molecular-targeted therapy. To the best of our knowledge, the present study is the first to investigate the expression pattern, biological roles and potential mechanism of miR-188 in glioma.
Aberrant expression of miR-188 has been reported in numerous types of human cancers. For example, miR-188 is downregulated in normal acute myeloid leukemia. High miR-188 expression correlates with increased overall survival and event-free survival of patients with normal acute myeloid leukemia (26) . Zhang et al (27) demonstrated that miR-188 expression is decreased in metastatic prostate cancer, and that its low expression was an independent prognostic factor for poor overall and biochemical recurrence-free survival of patients with metastatic prostate cancer. Fang et al (28) reported that miR-188 levels are reduced in hepatocellular carcinoma, and that low expression of miR-188 is significantly associated with multiple nodules, microvascular invasion, overall and disease-free survival. In oral squamous cell carcinoma, low expression of miR-188 has been observed in tumour tissues compared with matched normal tissues (32) . These findings suggest that miR-188 could be a diagnostic and prognostic biomarker for human cancer.
Abnormally expressed miR-188 has also been demonstrated to be involved in the carcinogenesis and progression of human cancers. Wu et al (31) demonstrated that upregulation of miR-188 suppresses cell proliferation, colony formation and G1/S cell cycle transition in human nasopharyngeal carcinoma, and directly target CCN and cyclin dependent kinase (CDK) complexes, including CCND1, CCND3, CCNE1, CCNA2, CDK4 and CDK2 (31) . In prostate cancer, increased levels of miR-188 inhibits in vitro cell growth and metastasis and decreases tumour growth and metastasis in vivo through the negative regulation of lysosomal protein transmembrane 4β (27) . In hepatocellular carcinoma, the increased levels of miR-188 decreased cell proliferation and metastasis via blockade of FGF5 (28). Wang et al (32) demonstrated that overexpression of miR-188 suppresses cell proliferation, cell cycle progression and invasion of oral squamous cell carcinoma through the downregulation of SIX1.
In addition, the mechanisms by which miR-188 dysregulation is correlated with cell proliferation, migration and invasion in glioma were investigated. Bioinformatics analysis was performed to predict the potential target genes of miR-188 by using TargetScan. IGF2BP2 was identified to be a putative target of miR-188; a highly conserved miR-188 binding site was identified in the 3'UTR. Subsequently, luciferase reporter assay results revealed that upregulation of miR-188 caused a significant reduction in the luciferase activities of the WT IGF2BP2 3'UTR reporter but no effect was observed with the MUT IGF2BP2 3'UTR reporter. In addition, RT-qPCR analysis further revealed that IGF2BP2 was highly expressed in glioma tissues compared with adjacent normal tissues. In clinical glioma tissues, IGF2BP2 expression was inversely correlated with miR-188 expression patterns. Furthermore, the upregulation of miR-188 reduced IGF2BP2 expression at both mRNA and protein levels in glioma cell lines. IGF2BP2 was also demonstrated to serve a tumour suppressive role in glioma growth and metastasis, similarly to the effects of miR-188 in glioma. Thus, IGF2BP2 is a direct downstream target of miR-188 in glioma. These results indicated that miR-188 directly downregulated IGF2BP2 expression by binding to the 3'UTR of the IGF2BP2 gene.
The insulin-like growth factor 2 mRNA-binding protein family includes IGF2BP1, IGF2BP2 and IGF2BP3 (35) . IGF2BP2, also known as IMP2, has been reported to be dysregulated in several human cancers, including colorectal cancer (36) , colon cancer (37), oesophageal adenocarcinoma (38) and breast cancer (39) . Mu et al (33) reported that IGF2BP2 expression is increased in glioblastoma tissues compared with normal brain tissues. Results from the database search also revealed that IGF2BP2 was upregulated in glioma tissues. Functional assays demonstrated that downregulation of IGF2BP2 represses the proliferation, migration and invasion ability and epithelial-mesenchymal transition in glioblastomas cells (33) . IGF2BP2 may, therefore, be a useful therapeutic target for the therapy of patients with glioma.
In conclusion, the present study provides the first evidence, to the best of our knowledge, to indicate downregulation of miR-188 in both glioma tissues and cell lines. Ectopic expression of miR-188 suppressed cell growth and metastasis of glioma. In addition, IGF2BP2 was validated as a direct target gene of miR-188. The miR-188/IGF2BP2 axis may provide novel insights into the pathogenesis of glioma and could be investigated as a potential therapeutic target for the treatment of this disease. Future study is needed to investigate the upstream regulation mechanism of miR-188 in glioma, and explore whether the potential of miR-188 may be fully realised in glioma.
